The gon-2 gene of Caenorhabditis elegans encodes a TRPM cation channel required for gonadal cell divisions. In this article, we demonstrate that the gonadogenesis defects of gon-2 loss-of-function mutants (including a null allele) can be suppressed by gain-of-function mutations in the gem-1 (gon-2 extragenic modifier) locus. gem-1 encodes a multipass transmembrane protein that is similar to SLC16 family monocarboxylate transporters. Inactivation of gem-1 enhances the gonadogenesis defects of gon-2 hypomorphic mutations, suggesting that these two genes probably act in parallel to promote gonadal cell divisions. GEM-1TGFP is expressed within the gonadal precursor cells and localizes to the plasma membrane. Therefore, we propose that GEM-1 acts in parallel to the GON-2 channel to promote cation uptake within the developing gonad.
I
N Caenorhabditis elegans, the efficient uptake of Mg 21 by the intestinal epithelial cells is dependent on the activities of gon-2 and gtl-1 (Teramoto et al. 2005) . Each of these genes encodes a member of the TRPM family of cation channels and the function of either is sufficient to permit growth under conditions of lowlevel Mg 21 supplementation. In humans, the orthologous proteins TRPM6 and TRPM7 are required for efficient uptake of Mg 21 by the intestinal epithelial cells (Schlingmann et al. 2002 (Schlingmann et al. , 2007 Walder et al. 2002) .
gon-2 is also required for the efficient initiation of postembryonic divisions by the gonadal precursors (Sun and Lambie 1997) . Like other TRPM channels (Nadler et al. 2001; Runnels et al. 2001; MonteilhZoller et al. 2003) , GON- (Teramoto et al. 2005; Xing et al. 2008 ). Our working model is that GON-2 is expressed within the somatic gonadal precursors, where its key function is to mediate the uptake of Mg 21 , which would then interact with multiple effectors to promote cell growth and cell cycle progression, eventually leading to cell division (Wolf et al. 2008) .
The results of our previous genetic characterization of gon-2(lf) mutants indicated that a weak residual activity is still present, even with the strongest loss-of-function alleles (Sun and Lambie 1997) . Specifically, the penetrance of gonadogenesis failure in gon-2(lf) mutants is ,100%. Two nonexclusive possibilities could account for this result. First, since the alleles of gon-2 that we have characterized do not completely eliminate gene function (Sun and Lambie 1997) , it could be that this low level of GON-2 channel activity is sufficient to support a low level of gonad development. Second, it could be that an alternative, albeit inefficient, mechanism exists that performs cation uptake in parallel to GON-2. Parallel uptake mechanisms for Mg 21 have been well documented in prokaryotes; CorA protein typically serves as the primary Mg 21 transporter, while MgtA/B and MgtE provide alternative pathways (Maguire 2006) . In mammals, five different types of transporter proteins that could potentially mediate Mg 21 uptake in parallel to TRPM6/7 have been described: SLC41 (Goytain and Quamme 2005b; Sahni et al. 2007; Kolisek et al. 2008) , MagT1 (Goytain and Quamme 2005c) , ACDP (Goytain and Quamme 2005a) , NIPA (Goytain et al. 2007 (Goytain et al. , 2008a , and HIP14 (Goytain et al. 2008b) .
In this article, we describe the identification and characterization of the gem-1 locus (gon-2 extragenic modifier). gem-1 encodes a multipass transmembrane protein related to the SLC16 family of solute carrier proteins. We have identified multiple hypermorphic gain-of-function alleles of gem-1, each of which efficiently bypasses the requirement for GON-2 function during gonad development. Although the inactivation of gem-1 alone does not impair the initiation of gonadogenesis, simultaneous inactivation of gem-1 and gon-2 results in nearly complete failure of gonadal cell divisions. Therefore, our results indicate that GEM-1 acts in parallel to GON-2, possibly by functioning as part of an alternative cation uptake system.
MATERIALS AND METHODS
Nematode culture and genetics: C. elegans stocks were grown on NGM-lite plates (Sun and Lambie 1997 ) using AMA1004 as a food source (Casadaban et al. 1983) . Standard methods were used to generate and verify genetic stocks (Hodgkin 1997) . Where appropriate, PCR was used to verify ambiguous genotypes. C. elegans var. Bristol (N2) (Brenner 1974 ) was used as the genetic background for all experiments except the SNP mapping procedure, which also involved the wild-type strain CB4856 (Wicks et al. 2001) . The following mutations and rearrangements were used in this study:
LGI-unc-29(e1072), gon-2(q388), and gon-2(ok465); LGIII-dpy-17(e164); LGIVhim-8(e1489); LGV-mIs10[myo-2Tgfp pes-10Tgfp] (K. Liu and A. Fire, unpublished results); and LGX-unc-9(e101), unc-84(e1410) , and unc-3(e151). The attached duplication, mnDp10(X;I), was used for dosage experiments. For additional details on alleles, see http:/ /www.wormbase.org. RNA interference (RNAi) feeding was performed as described by Timmons et al. (2001) . In some experiments, 0.2% lactose was used instead of isopropyl-b-D-thiogalactopyranoside because it was found to be equally effective.
Molecular biology: Standard methods were used for PCR amplification, cDNA synthesis, plasmid construction, and DNA sequencing. Unless otherwise noted, molecular biology reagents were obtained from New England Biolabs. RNA for RNAi experiments was synthesized using T7 RNA polymerase (Megascript, Ambion) with either PCR products or purified plasmid clones from the Ahringer RNAi feeding library as template (Fraser et al. 2000; Kamath et al. 2003) . Clones from the Ahringer library were sequenced to confirm insert identity.
Mapping gem-1: Through standard linkage mapping, we determined that dx66 maps to the right arm of the X chromosome near unc-84 ( Figure 1 ). Next, we used SNP mapping to determine that dx66 is located to the left of polymorphisms within cosmids, H06A10, F02D10, and F02C12. Only 1/8 recombination events between dx66 and unc-84 occurred between dx66 and the SNP within F02C12, which is situated at the far left end of the cosmid clone. This suggested that gem-1 is near, and to the left of, F02C12. Next, we used SNP mapping to assess the location of dx66 relative to unc-9 and F02C12. We found that 7/7 recombination events between unc-9 and dx66 occurred between unc-9 and the left end of F02C12. This placed gem-1 to the right of unc-9 and further supported the idea that it is situated to the left of F02C12, probably on cosmid C49F8. This region contains fewer than six genes, so we proceeded to test these by RNAi, as described in the results.
Plasmids constructed in this study: The following plasmids were constructed for this study:
pEJ5: Contains the gem-1 cDNA, beginning with the initiation codon and extending to the stop codon at the end of exon 10, inserted into pcDNA3.1 (Invitrogen). pEJ7: pEJ5, with the GFP segment plus UTR from pPD95.67 (Fire et al. 1990 ) (A. Fire, personal communication) (but lacking the nuclear localization signal) replacing the stop codon of gem-1. pEJ44: A gem-1:gfp translational fusion generated by inserting the following three segments into pPD95.67 to fuse gfp to the 39-end of gem-1: (i) a 6.2-kb genomic BamHI fragment that includes the promoter, first exon, first intron, and beginning of the second exon of gem-1; (ii) a segment of gem-1 cDNA corresponding to the remaining portion of exon 2, exon 3, plus the first part of exon 4; and (iii) a genomic segment encompassing the rest of exon 4 through the end of the coding portion of exon 9. pEJ52: Derived from pEJ44 by cutting with BamHI and HpaI and religating with an adapter segment created by annealing oligos o839 gatccttggaagcggccgc and o840 gcggccgcttccaag. This results in the removal of the entire gem-1-coding sequence and creates a unique NotI site at the junction between the first intron of gem-1 and gfp. pJH8: Contains a 3-kb promoter fragment from pes-1 inserted upstream of the gem-1 cDNA in pEJ5.
Transgenics: Transgenic lines were generated by microinjection as described by Mello and Fire (1995) , using the rol-6(su1006) plasmid pRF4 (100 mg/ml) as a transformation marker.
pEJ52 in vivo recombination mix: We used in vivo recombination (Kemp et al. 2007 ) to generate a gem-1Tgfp reporter that contained all of the introns for gem-1. Primers o932 ctgagcaaag gaaaaataaaacgaattttcagcgcctcgaaacgccgtcagagtccgaATGACGG CAAGACGTCGTCCAAGCATGCGA and o933 ACCATCTAAT TCAACAAGAATTGGGACAACTCCAGTGAAAAGTTCTTCT CCTTTACTCATCGTTAACTCCGTCGGTTTTCCACTTTCA were used to amplify a segment of gem-1 beginning in the first intron and extending to the end of the eighth exon. The resulting PCR product has 25 bp of homology flanking the NotI site of pEJ52 at each end and lacks the coding sequence for the last 23 aa of GEM-1. This PCR product was purified and mixed with an approximately equal molar amount of pEJ52 that had been cleaved with NotI and heat inactivated. pRF4 was added to this mixture and the final concentration of the recombining gem-1 and pEJ52 molecules was 30 mg/ml.
pes-1 and ehn-3 promoter fusions: The ehn-3 and pes-1 promoters were amplified by PCR using the following two sets of primer pairs: for ehn-3, o1348 CTTGCCGTCATGGATCC GAGCTCGGTACCAAGTTTGTAATTTGGAAGCTGGGAGGA ATA and o1349 AAATTAATACGACTCACTATAGGGAGACCC AAAAGAGGTCCCGCTCCAACAAC; for pes-1, o1350 CTTGC CGTCATGGATCCGAGCTCGGTACCAAGCTAAATGTATTAT TATGTAGTAGTAAAAGAAAAC and o1351 AAATTAATACGA CTCACTATAGGGAGACCCAAGCTGGTGGATCGGCAGTGAG.
Each of these promoter-containing fragments was previously validated for its ability to drive expression within Z1 and Z4 after in vivo recombination (Kemp et al. 2007) . In each case, the resulting PCR products have 25 bp of homology flanking the HindIII site in pEJ7. For each promoter segment an injection mix was made containing (i) 50 mg/ml of pEJ7 cut with HindIII and heat inactivated, (ii) 100 mg/ml pRF4, and (iii) 50 mg/ml of the PCR fragment.
dxEx18: The dxEx18 extrachromosomal array was generated by injection of animals of genotype gon-2(q388) with a mixture of plasmid pTG96 (sur-5TGFP; Yochem et al. 1998 ) (100 mg/ ml), plus cosmids F59H11 and T01H8 (which overlap to contain the entire gon-2 gene) (10 mg/ml each) and selecting for fertile transgenic progeny.
RESULTS
Identification of suppressor alleles of gem-1: We identified gem-1 during the course of screening for extragenic suppressors of the temperature-sensitive gon-2(q388) mutation, as described previously (Church and Lambie 2003) . Among 1.5 3 10 6 mutagenized genomes, we identified 14 independent suppressors that were both sex linked and at least partially dominant. During the course of mapping other suppressors of gon-2, we isolated another dominant X-linked suppressor mutation (dx53), which was fortuitously present in one of our mapping stocks (CB164). Since the dominant character of these mutations precluded complementation analysis, we arbitrarily chose to work with a single allele, gem-1(dx66), for our initial mapping and cloning efforts. Through standard linkage tests we determined that dx66 maps to the right arm of the X chromosome, near unc-84 ( Figure 1 ). Through SNP mapping, we narrowed the location of gem-1 to an interval between unc-9 and a polymorphism at the far left end of cosmid F02C12 (materials and methods).
Next, we used RNAi to test the candidacy of predicted genes within the vicinity of gem-1. Since there are no deficiencies for this region, we had no immediate clue as to whether the dominant character of the dx66 allele was due to a reduction (hypomorph or antimorph), increase (hypermorph), or alteration (neomorph) of gem-1 activity. Therefore, we performed RNAi in two different genetic backgrounds: gon-2(q388), which should be suppressed if dx66 is a hypomorphic or antimorphic mutation, and gon-2(q388); gem-1(dx66), which should exhibit abrogation of suppression if dx66 is a hypermorphic or neomorphic allele. We found that inactivation of one gene within this region, C49F8.2, did abrogate suppression of gon-2(q388) by dx66, thus suggesting that this gene corresponds to gem-1.
To further investigate the correspondence between C49F8.2 and gem-1, we sequenced the predicted coding region for each of the dominant X-linked suppressor mutations. In all 14 cases, we found a single nucleotide change within C49F8.2 (Figure 2 ), which we will subsequently refer to as gem-1. As discussed in more detail below, gem-1 encodes a multipass transmembrane protein.
gem-1(0) enhances gon-2(q388): Since our RNAi experiments suggested that the mutant alleles of gem-1 that we isolated as suppressors of gon-2(q388) are gain-offunction mutations, we were interested in determining the loss-of-function phenotype of gem-1. Therefore, we screened a deletion library and identified a putative null allele, gem-1(bc364). bc364 deletes 1109 bp with endpoints in exons 6 and 7 (Figure 1 ). This results in a shift in reading frame, so only the first 310 of 771 amino acids are correctly translated (followed by 36 novel amino acids and then a stop codon; Figure 3 ). Therefore, bc364 is highly likely to be a loss-of-function mutation and may be a null allele.
In an otherwise wild-type background, gem-1(bc364) homozygotes have no apparent mutant phenotype (data not shown). However, in a gon-2(q388) background, gem-1(bc364) nearly completely blocks gonad development at the restrictive temperature for gon-2(q388) (23.5°). This suggests that gem-1(1) probably either stimulates gon-2 activity or acts in parallel to offset the effects of gon-2(q388). These results also support the idea that the suppressor alleles of gem-1 are hypermorphic gain-of-function mutations.
gem-1(gf) suppresses gon-2(0): If gem-1(1) acted by stimulating gon-2 activity, then the gem-1 gain-of-function (gf ) alleles would be expected to increase this stimulation, thus increasing the amount of activity provided by gon-2(q388). In this case, the gem-1(gf) alleles would be unable to suppress a null allele of gon-2. Alternatively, if gem-1(1) acted in parallel to gon-2, the gem-1(gf) mutations might be able to suppress the complete inactivation of gon-2. To distinguish between these possibilities, we tested the ability of gem-1(dx66) to suppress gon-2(ok465), a deletion allele that was provided by the C. elegans Knockout Consortium (Moerman and Barstead (Bottom) The intron/exon structure of the gem-1 locus. We determined by RT-PCR that the 59-end of the gem-1 cDNA begins with the SL1 trans-spliced leader sequence, GGTTTAATTACC CAAGTTTGAG, followed by the untranslated sequence, AAGTATCAAGTTATCA. The gem-1 transcript has nine exons, with polyadenylation site(s), ATTAAATTAAATATTCAATATTT, 692 nucleotides downstream of the stop codon. The region deleted by bc364 is indicated. bc364 is flanked by the sequences AATAACCATTCGGGA AGT and AAGTCATTCATTGCAGAG.
2008). gon-2(ok465) deletes 507 bp of genomic sequence, including the region that encodes the sixth transmembrane-spanning segment of GON-2, and is therefore expected to lack channel activity. gon-2(ok465) homozygotes derived from a strain carrying an extrachromosomal array (dxEx18) that contains gon-2(1) are almost always vulvaless (93.1%, n ¼ 248) . However, animals of genotype gon-2(ok465); gem-1(dx66) are fully suppressed (0% vulvaless, n . 1000). Therefore, gem-1(gf) mutations can bypass the requirement for gon-2 activity during the initiation of gonad development.
Suppression of gon-2(lf) by gem-4(lf) does not require gem-1 activity: Previously, we found that loss-of-function mutations in the copine-encoding gene gem-4 are able to suppress gon-2(q388), but cannot suppress a complete loss of gon-2 function (Church and Lambie 2003) . One possible explanation for these results could be that inactivation of gem-4 causes a slight increase in gem-1 activity, but not enough to bypass the requirement for gon-2. If this were the case, then suppression of gon-2(q388) by gem-4(lf) would require gem-1 activity. To test this possibility, we constructed the gon-2(q388); gem-4(dx77); gem-1(bc364) triple mutant and determined the penetrance of the Vulvaless (Vul) phenotype. We found that gem-4(dx77) is still able to suppress gon-2(q388), even in a gem-1(0) background (Table 1) . Therefore, gem-4(lf) does not suppress gon-2(lf) by negatively regulating gem-1.
gem-1 encodes a member of the SLC16 family of solute transporters: The GEM-1/C49F8.2 protein product is one of seven members of the SLC16 monocarboxylate transporter family of proteins encoded within the Figure 2. -Alignment of representative SLC16 family members. ClustalW (Larkin et al. 2007 ) was used to align amino acid sequences and formatting was done using BOXSHADE. The nearest BLAST matches to GEM-1 are shown for the parasitic filarial nematode B. malayi (170588227), C. briggsae (157771688), Drosophila melanogaster (28573971), the flour beetle (Tribolium castaneum; 91088475), the honeybee (Apis mellifera; 110758321), humans (SLC16A14; 116283513), C. elegans (PES-22; 115533486) , and the mosquito (Anopheles gambiae; 158301624). Predicted transmembrane domains (M1-M12) are based on comparison with other characterized family members (e.g., Poole et al. 1996; Manoharan et al. 2006 ), but precise junctions are not known. C. elegans genome (WormBase; http:/ /www.wormbase.org, release WS192, 7/25/2008). In C. elegans and other organisms, the overall amino acid identity between paralogous SLC16 family members tends to be rather low (#30%) and is highest within the predicted transmembrane regions (Halestrap and Meredith 2004; Liu et al. 2008) . A comparative alignment of proteins that give the highest BLAST scores when the NCBI protein database is queried with GEM-1 is shown in Figure 2 . GEM-1 may be an outlier among the SLC16s, since apparent orthologs (based on reciprocal best BLAST scores) are present only in Brugia malayi and Caenorhabditis briggsae.
gem-1(gf) mutations occur at multiple locations within the protein-coding sequence: Despite their relatively low overall level of amino acid identity, all SLC16 family members are likely to share the same topology: Nterminal and C-terminal cytoplasmic domains that flank two groups of six transmembrane domains that are separated by a variably sized cytoplasmic loop (Figures 2  and 3 ). The gem-1(gf) mutations occur at multiple locations within the protein-coding sequence (Figures 2  and 3 ). Seven occur within the predicted transmembrane helices, and these are distributed across 5 of the 12 transmembrane regions. The other seven mutations occur within the large cytoplasmic loop. Two of the mutational sites, dx92 and dx57/dx67, affect residues that are identical among all of the nematode and insect proteins, four alter residues that are identical in each of the three nematode proteins (dx75, dx69, dx91, and dx66), and seven are not conserved (dx76, dx72, dx79, dx70, dx68, dx71, and dx82).
Although it is clear that we have not saturated gem-1 for gain-of-function alleles, we do see evidence of mutational clusters. Three of the seven transmembrane alleles occur within segment 2, and two of these affect the same aspartate residue; one (dx57) converts this to valine and the other (dx67) converts it to asparagine. There are two apparent clusters within the cytoplasmic loop. The first is represented by dx72 R329Q and dx75 S332F and possibly also by dx79 H360Y. The second includes dx53/dx70 G482E, dx69 G483E, dx91 R484K, and possibly also dx68 M510I. Note that the dx53 mutation, which we isolated from strain CB164, has the same nucleotide change as the dx70 mutation that we obtained in our suppressor screen.
gem-1(gf) alleles have hypermorphic character: During initial outcrosses, we determined that each suppressor allele of gem-1 is at least partially dominant; however, these assays were performed using stocks that had not been extensively backcrossed, so the variations in penetrance that we observed between the different alleles might have been due to incidental mutations in other loci that were retained after the initial mutagenesis. Therefore, we performed two to three additional backcrosses with six representative alleles and performed dosage analyses using these. We found that each allele exhibits reasonably efficient suppression of gon-2(q388) when homozygous (Table 2 ). However, suppression is significantly less efficient when the suppressor allele is placed over wild type and much less efficient when placed in trans to gem-1(0). We also performed crosses in which we used the attached duplication mnDp10 to vary the dosage of gem-1(1) ( Table 2) . From these results, it is clear that increasing the amount of gem-1(1) activity increases the efficiency of suppression of gon-2(q388). Overall, our data are again consistent with the idea that the suppressor alleles are hypermorphic gain-of-function mutations.
gem-1(gf) alleles behave additively in trans-heterozygous combinations: If GEM-1 functions as a multimer, we might observe nonadditive interactions between different classes of gain-of-function alleles; i.e., the efficiency of suppression in a trans-heterozygote might be less than either homozygote. However, if GEM-1 functions as a monomer, the different alleles would be most likely to behave additively. Therefore, we assayed the efficiency of suppression of gon-2(q388) among animals transheterozygous for representatives of each cytoplasmic cluster (dx70 and dx75), plus two different transmembrane mutations (dx57 and dx66). In each case, we observed highly efficient suppression (Table 3) . While these data do not argue in favor of the idea that GEM-1 acts as a multimer, they also do not exclude this possibility.
GEM-1TGFP is expressed within Z1 and Z4 and localizes to the plasma membrane: To examine the expression and localization of GEM-1, we assembled reporter constructs lacking introns 2 and 3 (pEJ44) and with the full genomic gem-1 sequence (pEJ52 recombination mix, materials and methods); in each of these, 6.3 kb of upstream sequence drives the expression of a gem-1Tgfp translational fusion. In first-stage larvae, GEM-1TGFP is expressed on the plasma membrane of multiple cell types. These include the somatic gonad Homozygous hermaphrodites were selfed at 23.5°and progeny were scored as adults by dissecting microscope. The presence/absence of the vulva was used as an indicator of successful completion of early gonadal cell divisions because it is dependent on the presence of the gonadal anchor cell. The anchor cell can be derived from either Z1 or Z4 and requires only three successive cell divisions within either lineage.
a gem-1(bc364) homozygotes also exhibit normal locomotion, body shape, growth rate, and brood size (data not shown).
progenitors Z1 and Z4 (Figure 4) , most or all of the cells in the pharynx, and multiple neurons in the head and tail (data not shown). Expression was observed in the body-wall muscles in the case of the pEJ52 mix, but not the pEJ44 mix. This difference is probably due to the absence of introns 2 and 3 in pEJ44. GEM-1TGFP expression persists within at least a subset of somatic gonad cells in later larval stages and is occasionally detectable within the distal tip cells in adult animals. Overall, the expression pattern that we have observed is in good agreement with that described for a 5.2-kb gem-1 promoter fragment placed in a transcriptional reporter construct (http://www.wormbase.org, release WS192, 7/25/2008).
GEM-1TGFP rescues gem-1(0) and suppresses gon-2(lf): GEM-1TGFP efficiently rescues the Gon phenotype of gon-2(q388); gem-1(bc364) animals at the restrictive temperature for gon-2(q388) (Table 4) . Therefore, when present in multiple copies on an extrachromosomal array, GEM-1TGFP not only rescues gem-1(bc364), but also is capable of suppressing gon-2(q388). This is consistent with the idea that the suppressor alleles of gem-1 are hypermorphs.
No apparent redundancy between gem-1 and other SLC16 family members: Although the gem-1(0) mutation has no apparent phenotypic effects outside of the gonad, it could be that gem-1 is redundant to one of the other six C. elegans SLC16 family members in nongonadal tissues (the paralogs are T02G5.12, C10E2.6, K05B2.5, M03B6.2, C01B4.9, F59F5.1, Y19D10A.12). Therefore, we injected double-stranded RNAs corresponding to each of these genes into gem-1(0) hermaphrodites and inspected the F 1 progeny for novel phenotypes. However, the only case in which we detected an abnormal phenotype was C10E2.6, and we observed the same phenotype (slow growth) when we performed C10E2.6 RNAi in a gem-1(1) background. We obtained similar results using RNAi feeding clones from the Ahringer library (Kamath et al. 2003) . Although these are largely negative results, they do not support the idea that gem-1 performs an essential function that is also performed by one of the other SLC16 family members in C. elegans.
gem-1 expression within Z1 and Z4 can rescue the gem-1(0) mutant phenotype: The simplest model for gem-1 function is that it acts directly within Z1 and Z4, the gonadal precursors. Therefore, we tested whether we could rescue gem-1(bc364) by driving expression of gem-1(1) in these cells with either of two promoters. In one experiment, we tested the promoter for ehn-3, which is expressed exclusively within Z1 and Z4 during mid-embryogenesis, but is then downregulated later in embryogenesis (Mathies et al. 2004) . In a separate pair of experiments, we tested the promoter for pes-1. This promoter has two phases of expression: First, it is In crosses that did not involve mnDp10, males of genotype gon-2(q388); him-8(e1489); gem-1(allele) were crossed with hermaphrodites of genotype gon-2(q388) unc-29(e1072); gem-1(allele) at 23.5°, and non-Unc hermaphrodite progeny were scored as described in Table 1 . The values in the rows are significantly different (P , 0.05) for all alleles (z-test). dx66/1 is significantly different from all but dx69/1. dx66/0 is significantly different from all other alleles in trans to the null allele [gem-1(bc364)I]. ND, no data.
a Males of genotype gon-2(q388); him-8(e1489)/1; gem-1(1, bc364 or dx66) were crossed with females of genotype gon-2(q388) mnDp10[gem-1(1)] I; mIs10[myo-2Tgfp pes-10Tgfp] V; fem-1[RNAi] at 23.5°, and hermaphrodite progeny were scored as described in Table 1.   TABLE 3 Phenotypes of gem-1 trans-heterozygotes in gon-2(lf) background
Males of genotype gon-2(q388); gem-1(allele); him-8(e1489) were crossed with hermaphrodites of genotype gon-2(q388) unc-29(e1072) at 23.5°, and non-Unc progeny were scored as described in Table 1 .
a Data are from Table 2 for comparison. transiently expressed within the D lineage and a subset of the AB lineage during early to mid-embryogenesis (Hope 1994) . Second, it is specifically expressed within Z1 and Z4 during embryogenesis after they have finished migrating and then remains in these cells until shortly before they divide in the L1. We previously assayed the promoter segments that were used in these experiments and verified that they were able to drive GFP expression in the predicted spatial and temporal pattern (materials and methods; Kemp et al. 2007) . We found that expression of gem-1TGFP using either of these promoters could partially rescue the Vul phenotype of gon-2(q388); gem-1(bc364) animals (Table  4) . Although the efficiency of rescue is not as high as in the lines generated using the endogenous gem-1 promoter (Table 4) , it does equal or exceed that observed in gon-2(q388) single mutants (Table 1) , thus indicating that the gem-1 activity level provided is at least the same as in gem-1(1) animals. In the case of the pes-1 promoter, we verified that expression of GEM-1TGFP was confined to Z1 and Z4 (plus one or two cells in the head region) in early L1 stage animals. Possibly due to limited perdurance of GEM-1 when expressed from these promoters, almost all of the non-Vul transgenic animals were sterile (the sterile phenotype was variable, depending on the extent of gonad development). Nevertheless, we can conclude that expression of gem-1 within Z1 and Z4 is sufficient to provide wild-type function for the initiation of gonadal cell divisions.
DISCUSSION
What is the normal function of gem-1? We identified gem-1 on the basis of the ability of gain-of-function alleles to bypass the requirement for gon-2 activity during gonad development. The gain-of-function alleles of gem-1 exhibit no other obvious phenotypes. In fact, the standard CB164 strain carries a gem-1(gf) mutation (dx53), and presumably various stocks that investigators have derived from this strain also carry the dx53 mutation. Therefore, under standard growth conditions, increasing the activity level of gem-1 causes no apparent deleterious effects. Furthermore, the only effect of inactivation of gem-1 by RNAi or mutation that we observed was enhancement of gon-2(lf).
The C. elegans genome contains six other SLC16 family members that are moderately similar to gem-1 and could potentially have overlapping functions (http:// www.wormbase.org, release WS192, 7/25/2008). We tested whether their inactivation in a gem-1(0) background would cause any synthetic phenotypes. However, none of the RNAi treatments resulted in any evident synthetic effects on growth rate, behavior, or fertility. Therefore, under the conditions that we have tested, gem-1 does not have any essential function. It does remain possible that gem-1 shares an essential function with more than one other SLC16 family member, and uncovering this would require more extensive tests of combinatorial gene inactivation.
SLC16 family proteins are present in all eukaryotes and are typically expressed on the plasma membrane (for reviews, see Enerson and Drewes 2003; Halestrap and Meredith 2004; Morris and Felmlee 2008) . The most extensively characterized family members have been shown to mediate proton-coupled transport (both import and export) of lactate, pyruvate, and other monocarboxylates in mammalian cells. Other family members have been found to transport short chain fatty acids (Hadjiagapiou et al. 2000) , aromatic amino acids (Kim et al. 2001) , thyroid hormone (Friesema et al. 2003) , and various pharmacological agents, including g-hydroxybutyrate (Morris et al. 2005) . To date, the substrate specificity has thus far been de- All animals have the background genotype gon-2(q388); gem-1(bc364) and were raised and scored as described in Table 1 .
a gem-1Tgfp on plasmid pEJ44. These animals are nearly always fertile.
b F 1 rollers from animals injected with pJH8 plus pRF4. One of these animals was fertile and produced a small number of Roller F 2 progeny, all of which were non-Vul and sterile.
c F 1 rollers from animals injected with recombination mix as described in materials and methods.
d F 1 rollers from animals injected with recombination mix as described in materials and methods. One of these animals was fertile and gave rise to a small number of non-Rol Vul progeny.
termined for only 7 of the 14 mammalian SLC16 proteins (Morris and Felmlee 2008) . Genetic exploration of the functions of the various SLC16 family members is still in the early stages. However, two recent studies indicate important functions for SLC16s in human lens homeostasis (MCT12; Kloeckener-Gruissem et al. 2008) and in the apoptosis of ectopic primordial germ cells in Drosophila (out; Yamada et al. 2008 ).
The simplest model for GEM-1 function is that it acts directly as a cation transporter that can substitute for GON-2. Since supplementation of the medium with Mg 21 , but not Ca 21 , can suppress the enhancement of gon-2(lf) by gem-1(0) (E. Lambie, unpublished observations), it seems most likely that Mg 21 is the critical substrate. Possibly, the primary role of GEM-1 is to transport a negatively charged organic molecule, and Mg 21 is fortuitously cotransported, as in the case of the bacterial citrate transporter (Boorsma et al. 1996) . Alternatively, it could be that the function of GEM-1 is to promote the activity of a separate protein that acts as the actual cation transporter, e.g., by establishing a physiological precondition such as pH modulation or by facilitating localization of the transporter protein to the plasma membrane.
Although the gem-1(0) mutant has no evident phenotype, it remains possible that gem-1 performs an important function that is also carried out by one or more other genes. The ability of gem-1(1) to partially compensate for the absence of gon-2 either could be fortuitous or gem-1(1) activity could be advantageous under certain physiological or environmental conditions where GON-2 activity is inhibited, but GEM-1 activity is relatively unaffected.
How do the suppressor alleles alter gem-1 activity? The gem-1(gf) alleles occur at many different locations within the protein-coding sequence and could conceivably alter different aspects of protein function. One possibility, particularly in the case of the cytoplasmic loop, is that a mutation could interfere with the ability of a negative regulatory protein, e.g., a kinase or ubiquitylation factor, to bind to GEM-1 ( Figure 5A) . A negative regulator of this type could act through various mechanisms, such as inhibition of conformational changes necessary for transport activity or targeting GEM-1 for degradation. Another possibility is that a mutation could shift the specificity of GEM-1, favoring the transport of substrate(s) that compensate for the loss of gon-2 activity (solid circles in Figure 5B ). Mutations that alter substrate specificity of SLC16 family transporters (Garcia et al. 1994) as well as of other transporters (e.g., Slugoski et al. 2007) have been reported in the literature. Alternatively, a mutation could alter the conformational equilibrium of the transporter, thus increasing the efficiency of transport (Lester et al. 1994) (Figure 5C ). This could occur either by causing GEM-1 to favor an open, channel-like conformation or simply by increasing the overall rate of the translocation cycle. Such effects have been described for mutations induced in the human serotonin transporter (Kristensen et al. 2004) . Finally, if GEM-1 interacts with another transporter protein (either as a regulatory factor or as part of a heteromeric transporter), a mutation could potentially increase the efficiency of this interaction ( Figure 5D ).
General implications for SLC16 family proteins: Although GEM-1 does not have an obvious vertebrate ortholog based on amino acid alignments, the results of our work are potentially relevant to other organisms, including mammals. As discussed above, our findings suggest that SLC16 family proteins might be regulated by multiple post-translational mechanisms. Further- more, since amino acid changes at many different sites within the GEM-1 protein-coding sequence are capable of elevating protein activity level, it may be that de novo mutations within human monocarboxylate transporters will also result in elevated activity level, rather than reduced function. Finally, since half of the mammalian SLC16 family members are presently orphans, it may be that one or more of these proteins performs a function comparable to that of GEM-1.
